Abstract. The energy distributions of electrons produced in multiphoton ionisation of He at 1064 nm are measured in the 1014-101s W cm-2 intensity range for different values of laser pulse duration. The distribution obtained at 2.8 x loL4 W cm-2 is shifted by more than 8 eV when the pulse duration is changed from 36 to 115 ps. A theoretical model, based on a classical description of the electron behaviour in the laser field is in good agreement with experimental data.
Over the past few years, multiphoton ionisation of atoms, using intense laser pulses, has provided a lot of original results, especially since experiments have involved collecting electrons instead of ions. Analysis of electron energy spectra has shown that an atom in an intense laser pulse can absorb more photons than the minimum number N necessary to reach the ionisation limit (Agostini et a1 1979 , Kruit et a1 1983 . Furthermore, electron energy spectra give different information for different laser intensities, wavelengths and pulse durations. For example, the electron energy spectrum produced in Xe at 1064 nm with a l O I 3 W cm-' laser pulse consists of a series of evenly spaced peaks separated by a distance equal to the photon energy (Bucksbaum et a1 1986) . At higher laser intensity (1014-1015 W cm-') the energy distributions of electrons produced in He at 1064 nm display a salient feature, the absence of electron peaks below 30eV and the presence of high-energy electrons extending up to more than 60 eV (LomprC et a1 1985) . Recently, it has been observed that electron energy spectra depend on laser pulse duration (Lomprt et a1 1987 , Agostini et a1 1987 , Luk et a1 1987 . Decreasing the pulse duration from 136 to 50ps leads to a shift in the electron peaks towards lower energy. In addition, the energy interval between the first consecutive peaks is no longer equal to the photon energy.
A better understanding of these phenomena has been made easier by introducing a final-state interaction between the electron and the laser field (LomprC et a1 1987, . As is well known, an electron driven by an oscillating laser field undergoes an oscillatory motion which, averaged over an optical cycle, yields an energy A called the quiver energy. This energy is a very important parameter which governs the physical process considered here: A = e282/4m02, where e and m are respectively the charge and mass of the electron, and 8 is the laser electric field of frequency o.
Numerically, A = 9.3 x 10-'41h2, where A is expressed in eV, the laser intensity is expressed in W cm-2 and the wavelength A in pm. After the ionisation process involving 0953-40751881 160517 + 06$02.50 @ 1988 IOP Publishing Ltd
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Letter to the Editor the absorption of N photons, the electron continues to absorb S additional photons such that ( N + S ) hw -4 = E,+ A, where Cp is the ionisation energy of the atom and E, the initial kinetic energy of the electron. This results in the absence of electron peaks for S values below S,,, = ( A + 4)/ hw -N.
However, electron peak shifts towards lower energies can easily be explained in terms of a decoupling of the electron from the laser field (Agostini et a1 1987 , Kupersztych 1988 ). The key parameter p = Cl,/ UT is the ratio of the time that it takes for the electron to leave the focal point radially over the laser pulse duration T. . R, is the radius of the focal point and U the electron velocity. Two limiting cases arise.
(i) p << 1 corresponding to a long duration laser pulse, i.e. a pulse whose duration is long in comparison with the time taken by an electron to leave the focus. The electron energy associated with the quiver motion in the laser field is entirely reconverted into translational energy by the field gradient force when the electron leaves the focal point . As a result the electron energy remains unchanged.
(ii) p >> 1 corresponding to the short duration laser pulses. In this case, a substantial fraction of the quiver energy is not converted into kinetic energy (Agostini et a1 1987 , Luk et a1 1987 . This effect results in an energy shift of the electron spectrum to lower values. At high laser intensity, 10'4-1015 W cm-* at 1064 nm, it becomes necessary to take into account the fact that the electron's velocity is continuously modified by the laser intensity gradient force when leaving the focal spot (Kupersztych 1988) .
The purpose of the present letter is to analyse energy distributions of electrons produced in multiphoton ionisation of He at 1064nm in the high intensity range ( 10'4-10'5 W cmP2) for different laser pulse duration values.
The laser used in the present experiment is a commercial picosecond Nd:YAG laser (Lomprt et a1 1987) . The pulse duration can be varied when required from 35 to 200 ps by changing the thickness of the cavity output mirror, and is measured with an autocorrelator. The bandwidth-limited pulse is amplified in a multistage Nd: YAG and Nd:glass amplifier up to 10 GW at 1064 nm. The laser pulse is focused into a vacuum chamber by a 200" focal length lens. The vacuum chamber is pumped down to lo-* Torr and then filled with spectroscopically pure helium gas at a static pressure of 5 x lo-' Torr, so that only collisionless multiphoton ionisation occurs.
A retarding-potential method is used to perform energy analysis of the electrons produced in the ionisation volume (Lomprt et a1 1985) . This method is well suited to electron energy distributions extending up to one hundred eV, and easily provides the shapes of the electron energy distributions sought. It should be pointed out that the electron time-of-flight spectrometer used previously at moderate laser intensity was well suited to the type of measurements performed because the energy spectrum consisted of few electron peaks (Agostini et a1 1987) . Here, the conversion of the time-of-flight spectrum into an energy spectrum would give a very poor resolution for the high-energy part of the spectrum which extends up to nearly one hundred eV. This drawback could be overcome by performing a very large number of additional series of measurements with different decelerations of the high-energy electrons; however this would be too time consuming.
It is worthwhile to begin a multiphoton ionisation experiment by plotting the number of ions formed as a function of the laser intensity, as shown in figure 1. The vertical broken line represents the laser intensity 1, at which a marked change occurs in the ion yield curve. This saturation is a typical effect which occurs in multiphoton ionisation experiments when the ionisation probability becomes close to unity, leading to the depletion of neutral atoms in the ionisation volume (Cervenan and Isenor 1975) . The intensity dependence beyond the Is value is due to ions formed in the expanding interaction volume.
The experiment consists of measuring the number of electrons that have passed through the retarding-potential region when the retarding potential is gradually increased, at fixed laser intensity. Such scans give integral signals, inasmuch as the electron signal measured at any given retarding potential value represents electrons that have this energy or higher energies. It is of interest to display the derivative of these scans, as shown in figure 2. This figure shows the envelope of the amplitudes of the electron peaks of the distribution obtained at the same laser intensity I = 2.8 x l O I 4 W cm-2, for two different laser pulse durations. Increasing the pulse duration from 36 ps ( figure 2(a) ) to 115 ps (figure 2 ( 6 ) ) leads to a shift of 8 eV in the electron energy distributions. This is the first time that so large a shift due to pulse length effects has been observed.
An analytical model has previously been used to explain the laser pulse length effects observed at a moderate intensity of less than 1013 W cm-2 corresponding to a quiver energy A < 1 eV (Agostini et a1 1987) . Briefly, the energy shift of one of the electron peaks with an energy Eo+ A = ( N + Smin) hw -4 can be written as D = OA, where 6 is given by: with p = 1.7Ro/~EA", Ro is expressed in pm, T in ps and Eo in eV. The analytical function e(@) is represented in figure 3 ( a ) . This leads to a total electron energy o f But this model, in which A is less than the initial kinetic electron energy Eo, is no longer valid here because A is 29.5 eV for a laser intensity of 2.8 x lOI4 W cm-2. The electron leaves the focal point with a velocity which is continuously increased by the transformation of the quiver energy into kinetic energy due to the high-intensity gradient force. The electron velocity is then governed by the oscillation velocity oosc in the laser field. The physical process is not only governed by the parameter /3, but also by the additional parameter a-' = s l o /~o , c~ or a'= A/Eop' (Kupersztych 1988) . This shift of the maximum of the electron energy distribution can be written D = 6 ( p , a 2 ) A , where 6 is now a n intensity-dependent function. 
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Similarly, for a pulse duration of 115 ps, p = 0.23 and a 2 = 930. Figure 3 ( e) yields = -0.18, and hence a shift D2 = -5.3 eV. The energy at the beginning of the electron energy distribution should be 24.8 eV; this is again in good agreement with experimental data.
High intensity effects, for laser intensities larger than the saturation intensity I , , are shown in figure 4. This figure shows how electron energy distributions change with increasing laser intensity values when using a 36 ps laser pulse. The maximum of the electron energy distributions shifts towards increasing higher energy values as laser intensity is increased. Figure 4(a) represents an intensity just below the saturation intensity I , . The electron distribution is centred at the expected value shown by an arrow and determined previously: 16.3 eV for a laser intensity of 2.8 x loi4 W cm-*. However, two salient features also appear in the electron energy distributions. Firstly, there is a clear shift of the electron energy distribution when I,,,> I , , which is larger than the expected one (shown by the arrows on figure 4). Figures 4(b) and (c) show the evolution of the electron energy distributions for I = 1.2 I s and I = 1.53 I s , respectively, with a shift towards larger energies of 1.5 and 7.4 eV, respectively. If an electron can never gain energy for laser intensity I,,, < I s , when I,,, > I , an electron can gain energy. In that case, the quiver energy of the electron created at I , can increase when I becomes larger than I s , while the electron is leaving the focal point. Consequently, the total energy of the electron will increase. Electron acceleration conditions will be given in detail elsewhere (Kupersztych et a1 1988) . Secondly, the low-energy tail of the electron energy distributions appearing in figure   4 (c) can be explained in terms of an expansion of the interaction volume when I > I , .
A large fraction of the electrons is then produced further and further away from the best focal point. These electrons have to travel over a distance that exceeds the radius f 2 , of the focal point. As a result, the parameter p increases, leading to shifts towards lower energies, as seen from figure 3.
In conclusion, large shifts in electron energy distributions due to high-intensity effects in the 10'4-1015 W cm-* region and to pulse duration effects are well described
